Peat specific yield (S Y ) is an important parameter involved in many peatland hydrological functions such as flood attenuation, baseflow contribution to rivers, and maintaining groundwater levels in surficial aquifers. However, general knowledge on peatland water storage capacity is still very limited, due in part to the technical difficulties related to in situ measurements. The found to rapidly decrease with depth within 20 cm, independently of the within-site location and the mean annual water table depth. Dominant factors explaining S Y variations were identified using analysis of variance. The most important factor was peatland site, followed by peat depth and seasonality. Variations in storage capacity considering site and seasonality followed regional effective growing degree days and evapotranspiration patterns. This work provides new data on spatial variations of peatland water storage capacity using an easily implemented method that requires only water table measurements and precipitation data.
| INTRODUCTION
Peatlands play important hydrologic functions by attenuating flooding by storing water during high precipitation events (Acreman and Holden, 2013) , contributing to river base flows (Bourgault et al., 2014) and maintaining groundwater levels in superficial aquifers . However, enhanced knowledge on quantification of water storage capacity is needed to better understand these peatland hydrological functions. In peatlands, peat storage capacity (S) strongly varies within the first meter and buffers water table fluctuations (WTFs), flow velocities, and evapotranspiration fluxes (White, 1932) . For example, when the water table is high, flow velocities and evapotranspiration fluxes increase; the opposite happens during low water table periods.
In mineral aquifers, long-term water storage is also controlled by climatic forcing such as summer water deficits (Yeh et al., 2006) , by anthropogenic activities such as groundwater extraction, and to a more limited extent by land drainage, which can reduce aquifer recharge (Winter et al., 1998) . Short-term changes occur mainly in response to rainfall, pumping, and evapotranspiration fluxes (Geris et al., 2015; Healy and Cook, 2002) . These processes are also active in peatland ecosystems. They are especially important due to the contrasted values of S between the acrotelm and the catotelm (Ingram and Bragg, 1984) . In addition, peat S also changes due to expansion and compression, which is a seasonal effect of water content variation (also named mire breathing; Price and Schlotzhauer, 1999) , ice expansion in the peat, or a longer time scale effect of organic matter oxidation.
Therefore, WTF does not occur only when air enters the specific yield (S Y ) as the water table declines. However, as a first approximation, S is usually assimilated to S Y (Price, 1996) .
Peat S Y can vary by up to two orders of magnitude (0.01-1) within the first top 50 cm (Dettmann and Bechtold, 2016; Holden, 2009; Vorob'ev, 1963) . This buffers peatlands against both inundation and excessive drying . S Y has been quantified on the basis of field measurements using porous disk infiltrometers (Holden et al., 2001; Holden, 2009) , rain-to-rise ratio (Dettmann and Bechtold, 2016; Letts et al., 2000; , tracer tests (Ronkanen and Klove, 2008) , laboratory drainage experiments (Price, 1996; Rosa and Larocque, 2008; Vorob'ev, 1963) , and pressure chamber measurements . The rain-to-rise ratio method is equivalent to the WTF method (White, 1932) commonly used in aquifers to quantify groundwater recharge (Healy and Cook, 2002) .
The WTF method is a simple alternative to laboratory measurements. It has significant potential as an easily implemented, low-cost method to determine peat S Y . Because peat deposits are heterogeneous and compressible media where hysteresis is observed between water table rise and precipitation due to air encapsulation, gas bubble production, and unsaturated pore filling (Barton et al., 2006; Nachabe, 2002; Ramirez et al., 2015) , we hypothesized that the WTF method is more adapted to peatland than conventional laboratory measurements. The use of the WTF method in peatlands, offers an excellent opportunity to upscale the understanding of water storage capacity using widely available data of water table and precipitation.
The objective of this research was to adapt the WTF method to quantify vertical S Y variations in peatlands and better understand the factors controlling their water storage capacity. It is assumed that seasonal expansion and compression expansion of peat do not influence the short-term rain event-based calculation of S Y . It is also assumed that changes in peat surface topography following a single rain event can be considered negligible. The WTF method was tested in five ombrotrophic peatlands located in the St. Lawrence Lowlands in southern Quebec (Canada), and results were compared to S Y estimates from laboratory measurements on collected peat samples.
| STUDY SITES
The five studied peatlands (large tea field-LTF, Sainte-Séraphine-SSE, Lac Cyprès-LCY, Victoriaville-VIC, and Issoudun-ISO) are located in the southern part of the St. Lawrence Lowlands (Quebec, Canada) in three different watersheds (Châteauguay, Nicolet, and du Chêne; Figure 1 ). All sites are headwater peatlands formed in topographic depressions, except LCY, which is located on the flank of fine to medium eolian sand deposits. All sites are characterized by a hummock and lawn microtopography without any surface pools. Hollows and mud bottom were found only at sites ISO and VIC.
The five sites are set in different geological contexts, characterized by quaternary surficial sediments (marine clay, fluvial sandy silt, clayey silty till, eolian fine to medium sand, and regressive marine sand) deposited following the last deglaciation since 12.3 kaBP (Richard and Occhietti, 2004;  For all sites, minimum and maximum temperatures are recorded in January and July, respectively (Figure 2 ). Effective growing degree days (GGD > 0, reference period: 1974 (GGD > 0, reference period: -2000 varies between 1,800 and 2,000 for the Châteauguay watershed, between 1,600 and 1,800 for the Nicolet watershed, and between 1,400 and 1,600 for the du Chêne watershed (Atlas agroclimatique du Québec, 2012; Table 1 ).
Vegetation surveys performed at all sites show that Sphagnum spp., Kalmia angustifolia, and Eriophorum vaginatum are the main species. Andromeda glaucophylla, Aulacomnium palustre, Chamaedaphne calyculata, Carex spp., Rhododendron groenlandicum, and Polytricum strictum were also found, albeit sparsely (Larocque et al., 2015; Lefebvre et al., 2015; Pasquet et al., 2015) . Climatic conditions differ slightly from west to east, in terms of effective growing degree days and ecoregion vegetation assemblages, from the hickory and maple forest (Carya cordiformis and Acer saccharum) in the western section (LTF), to the lime tree and maple forest (Tilia americana and Acer saccharum) eastward, which supports the slightly colder and wetter conditions of the ISO site. Distances between up-gradient and down-gradient wells vary between 123 and 760 m with mean slopes from 0.08% to 0.24% (Table 1) .
Water . Sites were also instrumented with a metal bar at down-gradient locations to monitor changes in topography due to peat expansion and contraction. These changes were monitored three times during the study period (spring, summer, and autumn) using a reference level located on the metal bars.
| Small cube experiment
Five 1-m-long peat cores were sampled using a box corer (8 × 8 cm; Jeglum, 1991) at the up-gradient location of each studied peatland.
Sampling compression in the acrotelm was 10 cm for LTF, 12 cm for SSE, 20 cm for LCY, 8 cm for VIC, and 2 cm for ISO and was proportional to the acrotelm thickness. Cores were cut into two 50-cm sections using a sharp knife, wrapped in cellophane, and stored at 4°C. Humification analysis was performed on 5-cm peat slices throughout the whole five cores. S Y measurements were performed on 7 × 7 × 8 cm peat samples (14 cores in total; 3 for LTF, 3 for SSE, 2 for LCY, 3 for VIC, and 3 for ISO) using gravity drainage experiments assuming that S Y can be assimilated to its drainable porosity (Price, 1996) .
Gravity drainage was performed in acrylic cubes (7 × 7 × 8 cm) and used to estimate S Y following Equation 1, Freeze and Cherry, 1979 ,
where V d is the drained water volume (cm 3 ), A is the area of the peat sample (7 cm × 7 cm = 49 cm 2 ), and Δh is the WTF (cm). Peat samples were resized after 0.5 cm was cut from each side to remove any compression due to transportation. Samples were saturated for 24 hr and drained for an additional 24 hr. Each acrylic cube was connected at the bottom to a 1.3-cm plastic tube attached to an adjustable base support to drain the samples. Each drainage experiment began by decreasing the height of the plastic tube to that of the bottom of the tested sample. Although slightly different from conventional drainage experiments, this method was specifically chosen so as to be comparable to the experimental tank method described in Section 4.3.
For the less decomposed samples, the errors were proportional to the lost volume due to compression above the water table. Errors were calculated using the ratio between the loss of height and the mean annual water table depth (WTD) because compression was limited to the unsaturated zone. Because compression was not evenly distributed throughout the core, errors on S Y measurement were only applied to the upper 20 cm.
For the more decomposed samples (below 20 cm; all the sites), rapid outflow was observed, probably due to secondary porosity created during sample insertion into the acrylic cubes. The rapid outflow was measured at the beginning of each experiment and divided by the total volume of the acrylic cubes (7 × 7 × 8 cm) to quantify the maximum error associated with the method.
| Experimental tank
The laboratory method developed by Rosa and Larocque (2008) 
| Water table fluctuation method
Using the WTF method, specific yield (S Y ) was calculated as follows:
where P is the amount of precipitation, and Δh is the water level rise following a precipitation event. Equation 2 assumes that the time lag between the end of each precipitation event and the maximum water level rise is sufficiently short for evapotranspiration, net subsurface flow, and water table recession following P events (i.e., water reaching the saturated zone is entirely transferred into storage). The method also assumes that recharge is equal to precipitation (i.e., no runoff), that the static equilibrium water content profile within the unsaturated zone is attained instantaneously following a rain event and that any rain-to-rise ratio deviation from a theoretical model will be due to the presence of a capillarity fringe, air entrapment, peat expansion and contraction, net subsurface flow, water recession following P events, and antecedent moisture content of the unsaturated zone.
A computation script written in the R language (R, 2008) was developed to identify the precipitation events to be considered and the maximum water table rise following each precipitation event. The program automatically calculated total precipitation during a given event (P), maximum water level rise following this event (Δh), and S Y using three parameters: the time interval (Time int ), the maximum (max prec ), and minimum precipitation (min prec ). Time int was used to separate precipitation events. Max prec and min prec were used to determine which precipitation events to include in the S Y calculation. Small precipitation events were excluded on the basis of the assumption that a large proportion of the precipitation never reached the saturated zone during these events. Large precipitation events were also excluded because they induced large Δh with depth approximation error. Measurement errors on Δh were equal to 1 mm, whereas P errors are estimated to be as high as 6.4% of total P for small rain events (Chiah, 2003; Hodgkinson et al., 2004) . Therefore, precipitation events smaller than 1 mm and larger than 35 mm and those associated with water table variations smaller than 10 mm were excluded, because the relative error on rain-to-rise ratio (equivalent to S Y ) was too large in these cases. All S Y calculated using the WTF method (S Y WTF ) were compared between sites, depths, location within the peatland, and seasonality, using one-way analysis of variance (ANOVA) implemented in R.
Significant differences found among these variables were further analyzed using Tukey's honest significant difference, again in R.
Finally, we compared all S Y and rates of S Y decrease with depth obtained from the WTF, the experimental tank, and the small cube experiment methods.
4 | RESULTS
| Surface topography, hydrology, and peat humification
At all locations in the five studied peatlands, the upper 5 cm was composed of living vegetation, whereas peat was slightly humified between 10 and 20 cm below the surface (H3-H4; Von Post, 1922).
Peat humification increased toward the catotelm, with highly FIGURE 4 Design of the experimental tank with an impermeable base support built for the drainage experiment to calculate specific yield variations with depth (modified from Rosa and Larocque, 2008) decomposed peat (H7-H8-H9) for sites VIC, LCY, LTF, and SSE and slightly to moderately decomposed peat (H4-H5) for site ISO. Different regression models for the S Y versus depth relationship (i.e., linear, log, and power law) were calculated. Similar to the work of Sherwood et al. (2013) , the best fit model for both methods were power law models: Results from the ANOVA showed that site, seasonality, within-site location, and depth have a significant effect on S Y . Site (p < .0001), depth (p < .0001), and seasonality (p = .007) were the strongest factors, whereas location within the peatland was the weakest (p = .05; Figure 9 ). peatland, and cutover bog) and using different methods (e.g., gravity drainage, moisture retention measurements, infiltration rate experiment, WTF method, and tracer tests; Table 2 ). Using the WTF method, Dettmann and Bechtold (2016) (Table 2) .
In this study, S Y varied between 0.13 and 0.99 using the WTF method and between 0.01 and 0.95 using the small cube and tank drainage experiments. These results are strong observational evidence of the sharp decrease of S Y with depth. Moreover, results obtained using the WTF method show almost identical ranges and patterns obtained by Dettmann and Bechtold (2016) .
| Comparison of methods
In this work, the cube method and the experimental tank were com- Influence of (a) site, (b) depth below the surface, (c) seasonality (May to November), and (d) within-site location on specific yield found using the water table fluctuation method. Each box plot shows the minimum (lower bar), the first quartile (lower portion of the box), the median (bold black line), the third quartile (higher portion of the box), the maximum (upper bar), and the outliers (circles) evaluate the scale of the measurements. In fact, strong heterogeneity of hydrodynamic properties are constantly encountered at very small scale and expected to modify measurements and induce a scale effect (Turner et al., 2015) . Hence, it is expected that S Y obtained in the laboratory will disagree with S Y measurements obtained with in situ methods.
Comparing results from the three different methods remains challenging also because they depart slightly from the S Y definition. For example, the drainage experiments (small cubes and tank) measure drainage porosity, which is an approximation of S Y . Nevertheless, given the fact that the WTF method provided S Y values similar to those of the cube method and of the experimental tank and that the results obtained in this study are almost identical to the results obtained by Dettmann and Bechtold (2016) using the same method, it is hypothesized that the assumption underlying the use of the WTF method are reasonable. In future research, the WTF method will need to be used in a wide variety of peatlands to fully constrain its validity.
| Factors influencing storage capacity variations
Many authors (Holden, 2009; Moore et al., 2015; Price, 1996; Thompson and Waddington, 2013) have demonstrated that peatlands vary significantly in terms of microtopography (hummock, lawn, hollow, and pool), disturbances (fire and drainage), hydrogeological context, and hydroclimatic environment (Geris et al., 2015) . These are all factors that have been recognized as affecting storage capacity. Fires have been shown to decrease S Y , which increases the flashiness of WTFs (Sherwood et al., 2013) . S Y differs between hummocks and hollows as these tend to dry up more rapidly and retain more water than hummocks . Hydrogeological contexts control the connectivity of peatlands to aquifers, limiting WTFs (i.e., minerotrophic peatland), and hydroclimatic conditions modify precipitation regimes, evapotranspiration, and soil moisture dynamics, exerting a control on water storage (Geris et al., 2015) .
In this study, observed S Y differences could not be explained by the presence of disturbances or variations in microform, because vegetation assemblages did not show strong evidence of perturbation and microforms did not differ significantly within and between sites. Additionally, the hydrogeological context, which was found to differ strongly from site to site (Table 1) Therefore, under similar precipitation regimes, those sites experiencing higher evapotranspiration rates will have lower S Y WTF . However, their dynamic storage capacity will be higher, because more space is available before reaching a threshold WTD.
Large variations in S Y with depth within the peat profile (Figure 9b) have also been reported in the literature (Holden, 2009; Moore et al., 2015; Vorob'ev, 1963) and correspond to the increasing degree of peat decomposition with depth. For instance, an S Y of greater than 0.13 is equivalent to a Von Post degree of decomposition between H1 and H5, whereas an S Y of less than 0.13 is equivalent to a degree of decomposition between H6 and H9. This link between S Y and degree of decomposition has also been reported by Letts et al. (2000) , where S Y decreased from 0.66 to 0.13, with peat type changing from fibric to sapric, and by Boelter (1964) , who reported S Y as high as 0.80 in undecomposed peat and as low as 0.10 in highly decomposed peat.
However, results from the current study show that depth is not a systematic explanatory factor when all sites were considered together. Similar S Y WTF distributions with depth were observed for all sites, independently of the mean annual WTD of each. For example, at LCY where mean annual WTD is 41 cm, S Y WTF is almost identical to that of ISO, where mean annual WTD is only 9 cm. Therefore, mean annual WTD should not be considered to be a proxy of peatland water storage capacity.
Seasonality is another important control on dynamic storage capacity ( Figure 9c ). Indeed, median S Y WTF is higher during wet periods compared to dry periods. This is explained by the fact that evapotranspiration rates are higher during dry periods compared to wet periods. Moreover, these results are consistent with recent findings by Geris et al. (2015) , showing that tree cover temporarily increases the dynamic storage capacity during summer due to higher evapotranspiration.
The absence of a within-site location effect on S Y WTF in this study (Figure 9d ) has strong implications for future research. The absence of spatial variation within the studied sites suggests that a single S Y -depth model could be sufficient to represent a given site. However, more research is needed to better understand the vertical S Y variation of the WTF layer, due to the various hydrogeological contexts and microforms.
| Implications for peatland understanding and management
Results from this study have many hydrological implications in terms of hydrological modeling, evapotranspiration feedback, water tableclimate linkage, and understanding peatland water storage capacity at the local and global scales. Many authors have studied overland and rapid/slow subsurface flow within peatlands to quantify peatland-surface water interactions (Devito et al., 1997; Holden et al., 2008; Reeve et al., 2000; Reeve et al., 2001) Peatland water storage capacity is an important component of flood mitigation (Acreman and Holden, 2013) . The results obtained with the WTF method offer new data that could be very useful for short-term transient hydrological/hydrogeological models. A single model of vertical S Y could be used in physically based models to simulate peatland dynamics (Reeve et al., 2006) . This could lead to more accurate estimates of the delay between precipitation and river floods in watersheds containing large peatland coverage. However, using long-term transient hydrological models requires a thorough understanding of the effect of swelling/shrinking peat soils on water storage capacity (Camporese et al., 2006) , which is rarely available. Moreover, site location and seasonality are dominant controls upon water storage capacity, suggesting that both hydroclimatic context and evapotranspiration are of primary importance to understanding peatland water storage capacity. This research has shown that within-site location plays a minor role in S Y variations, suggesting that the WTF method could be used to quantify water storage capacity using a single dip well. However, further studies are needed to investigate the influence of microforms (i.e., hummocks, hollows, and pools) and hydrogeological context on water storage capacity.
The WTF method is noninvasive, inexpensive, and can easily be used in a wide variety of contexts, because hourly precipitation and peatland WTF data are commonly measured in peatland monitoring projects. This method provides a relatively simple means of improving the available data on peatland water storage capacity in different conditions, thus contributing to better understand peatland hydrological functions. 
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